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2013.05.0Abstract Integrating solar energy into modern aircraft technology has been a topic of interest and
has received a lot of attention from researchers over the last two decades. A few among the many
potential applications of this technology are the possibility of continuous self sustained ﬂight for
purposes such as information relay, surveillance and monitoring. This paper discusses the altitude
and payload mass, as independent parameters, and their inﬂuence on the size and design of the air-
craft. To estimate available solar power, two different models have been presented; one for low alti-
tudes and the other for high altitudes. An engineering ground model was built to simulate the power
and propulsion system over 24 h of continuous operation. The paper presents data from tests per-
formed till date and lessons learnt while dealing with the construction of the engineering ground
model as well as changes that can be made to improve the design.
 2013 Production and hosting by Elsevier B.V. on behalf of National Authority for Remote Sensing and
Space Sciences.1. Introduction
Possible applications of the Unmanned Aerial Vehicle (UAV)
include military and classiﬁed surveillance ﬂights where small
aircrafts are difﬁcult to be detected by radars. Scientiﬁc appli-
cations include ozone monitoring, and collection of data for07816261.
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02weather and global warming studies. Commercial applications
include aerial surveying, geological and topographical map-
ping, and communication links. Solar powered UAV can be
employed in many of the above mentioned missions due to
its cost effectiveness, environmental efﬁciency, and also be-
cause it is capable of long endurance ﬂight and does not re-
quire much maintenance (Symolon, 2009).
Recent papers have been published to introduce the concep-
tual design (Hartney, 2012) and ground tests (Guo, 2011) of
solar powered UAV. Other papers present the optimization
of aircraft using graphical (Brandt and Giliam, 1995), and ge-
netic algorithms (Shiau et al., 2010). However, for all the
above mentioned papers, there is no clear understanding of
the effect of altitude on variable parameters of the aircraft such
as the weight, the wing aspect ratio, required thrust, and max-
imum battery charging. Moreover, the effect of payload
weight, required for a certain mission and the reasonableational Authority for Remote Sensing and Space Sciences.
Nomenclature
A solar altitude angle
AR aspect ratio
cd proﬁle drag coefﬁcient
cd,f skin friction drag coefﬁcient
cl two dimensional lift coefﬁcient
CD total drag coefﬁcient
CDo pressure drag coefﬁcient
CL total lift coefﬁcient
e Oswald efﬁciency factor
F thrust force [N]
h hour of the day
H monthly average daily radiation [W/m2]
Ho daily average total extra-terrestrial irradiance
[W/m2]
I hourly total radiation per meter square at certain
hour [W/m2]
Ib Available hourly radiation per meter square
[W/m2]
Io extra-terrestrial irradiance (1353 W/m2)
m(0,A) air mass at sea level
m(z,A) air mass at a given altitude (z)
n day of the year
n average daily hours of bright sunshine
N total hours of the day
p pressure [N/m2]
Re Reynolds’s number
S Wing area [m2]
T transmittance
u velocity [m/s]
Waf airframe weight [N]
Wpg propulsion group weight [N]
Wtot total weight of the aircraft [N]
d declination [deg]
q density [kg/m3]
xs hour angle of sunset [deg]
x instantaneous hour angle [deg]
/ latitude [deg]
190 S. Jashnani et al.altitude and cruise speed for a particular application, has not
been investigated before. Estimating the size of the solar pan-
els, required to produce enough power to sustain the system at
different altitudes and deﬁned payloads, is the greatest chal-
lenge in this kind of design.
This paper aims at presenting the effect of changes in alti-
tude and payload on various parameters such as, total weight,
solar panel area, aspect ratio of the wing, maximum battery
charging and required thrust. These parameters can affect both
cost and weight of the aircraft. To estimate available solar
power, two different models have been presented; one for
low altitude and the other for high altitude. An engineering
ground model was built to simulate the power and propulsion
system over 24 h of continuous operation. The paper presents
data from tests performed as well as changes that can be made
to improve the design.
2. Estimation of solar panel area
For the aircraft to be able to ﬂy on any day of the year, it has
to be designed on the coldest day of the year at a given loca-
tion, which is deﬁned by the latitude (/), and the common
weather condition such as tropical, desert, or snow. The fol-
lowing procedure gives clear and straight forward methodol-
ogy to estimate different parameters at given altitude and
payload weight. The declination (d) is the angular position of
the sun at solar noon with respect to the plane on the equator.
The declination changes slightly each day and can be calcu-
lated using (Dufﬁe and Bechkman, 2006):
d ¼ 23:45 sin 360 284þ n
365
 
ð1Þ
The day of the year (n) has to be speciﬁed as part of a numeric
sequence that starts with 1 for January 1st and 365 for
December 31st. The hour angle of sunset (xs) has to be esti-
mated in order to evaluate the hours of sunlight for a given
day. It is function of the latitude (/) and declination (d):xs ¼ cos1ðtan / tan dÞ ð2Þ
The exact hour angle of sunset can be taken as the answer ob-
tained from Eq. (2), whereas the sunrise can be taken as the neg-
ative of the same answer. The collected energy, at each hour
during the day per unit area at a certain location, changes dra-
matically with altitude. This is because near sea level there is a
signiﬁcant effect for the particulates and water vapor. On the
other hand, at high altitudes, the cloud cover is negligible, thus,
there will be no daytime interruption of sun light. Hereafter, two
differentmodelswill be presented brieﬂy.The ﬁrst is to be used at
lowaltitudes up to 2.5 km (Dufﬁe andBechkman, 2006), and the
second is to be used at higher altitudes (Bailey andBower, 1992).
For altitudes below 2.5 km, once the sunset hour angle has
been found, the daily average total extraterrestrial irradiance
(H0) available from the sun can be estimated using:
H0 ¼ 24
1367
p
1þ 0:033 cos 360n
365
 
 cos / cos d sin xs þ pxs
180
sin / sin d
 
ð3Þ
The total hours of day can be found using:
N ¼ 2
15
cos1ð tan / tan dÞ ð4Þ
The average daily hours of bright sunshine (n) can be easily
found from local weather stations. These data are based on
Campell-Stokes instrument measurements. For this design, it
was taken from Dubai Meteorological Ofﬁce (www.dia.ae/
dubaimet/met/climate.aspx). At the coldest month of the year
in Dubai, this value is 8.2. Then, the monthly average daily
radiation on a horizontal surface can be estimated using:
H
Ho
¼ aþ b n
N
ð5Þ
The above equation employs two empirical constants ‘a’ and
‘b’ which account for the local climate. In Reference (Dufﬁe
and Bechkman, 2006), a list of varies climates around the globe
Sizing and preliminary hardware testing of solar powered UAV 191is given, from which the closest match was chosen for Dubai.
For desert climate, a= 0.3, and b= 0.43. At each hour of the
day (h), the instantaneous hour angle (x) can be estimated
using:
x ¼ ð15h 180Þp=180 ð6Þ
The hourly total radiation (Ib) per meter square at a certain
hour, can be estimated using:
Ib
H
¼ p
24
ðcþ d cos xÞ cos x cos xs
sin xs  pxs180 cos xs
ð7Þ
The two constants in the above equation are given by:
c ¼ 0:409þ 0:5016 sinðxs  60Þ ð8Þ
d ¼ 0:6609 0:4767 sinðxs  60Þ ð9Þ
The radiation at each hour during the day has to be integrated
to ﬁnd the total energy from the sun in a day per meter squar-
ed.The next set of equations presents the methodology to be
followed in order to calculate available solar power at altitudes
above 2.5 km. The solar altitude angle can be estimated using:
A ¼ sin1½cos d cos x cos uþ sin / sin d ð10Þ
Air mass is deﬁned as the path length of sunlight or the quan-
tity of atmosphere that solar radiation can pass through. At
sea level, it can be estimated using:
mð0;AÞ ¼ ½1229þ ð614 sin AÞ20:5  614 sin mA ð11Þ
Then, its corresponding value for a given altitude (z) can be
evaluated using:
mðz;AÞ ¼ mð0;AÞ½pðzÞ=pð0Þ ð12Þ
With the air mass at a certain altitude and the hour of the day
known, the transmittance for that location can be found using:
T ¼ 0:5ðe0:65mðz;AÞ þ e0:095mðz;AÞÞ ð13Þ
The available hourly radiation per meter square ðIbÞ is a multi-
ple of the extraterrestrial irradiance (I0) and the transmittance
(T) at a given altitude and hour angle. The average value of I0
is 1353 W/m2, however since the extraterrestrial irradiance is
actually a function of the distance from the sun, it changes
slightly for different months during the year. This change is
approximately 1:7% through the year. For these calculations,
I0 is kept constant at an average value of 1353 W/m
2:
Ib ¼ I0T ð14Þ
Once the irradiance at each hour is known the total available
solar energy per meter squared for the coldest day of the year
can be found by integrating these values over the day.
A solar panel area is assumed here, and it will be veriﬁed
later. The assumed value of the solar panel area along with
the total solar available energy per meter squared, are used
to calculate the total available solar energy. This energy when
divided by the total time of the day gives the average available
solar power over the day. This power will be compared with
the solar power required to generate the required thrust and
operate aircraft accessories, and hence the assumed value for
the solar panel area will be changed till convergence.
Practically, the solar panels can cover up to about 90% of
the wing width and span. Thus, from the assumed value of the
solar panel area, the wing area can be evaluated. Also, usingthe width of the commercially available solar panels, the wing
chord can be estimated. For simplicity, use rectangular wing
shape, hence the wing aspect ratio can be calculated from
the known wing area and chord.
The Aspect Ratio (AR) of the wing has a signiﬁcant impact,
not only on the lift and drag characteristics, but also on the
structure design of the wing. In case of a high aspect ratio,
the wing has to be made more rigid such that it can resist ﬂut-
ter. Thus, the wing would have to be made of composites and
the amount of material used would also be more. On the other
hand, a shorter wing or a wing with a small aspect ratio is not
prone to ﬂutter and hence the required sturdiness can be ob-
tained by using less material. The practical range for aspect ra-
tio in solar powered aircraft is between 12 and 31
(Hajinmaleki, 2011).
Select an airfoil section and get the lift and drag polar
curves for this airfoil. The airfoil employed in this design is
WE3.55-9.3, which was specially developed for the Sky-Sailor
project (Noth, 2008). The total drag on the wing is a combina-
tion of the proﬁle drag and the induced drag. The proﬁle drag
can be found from the airfoil data for a known angle of attack.
On the other hand, the induced drag is the function of the 3D
lift coefﬁcient (CL), aspect ratio (AR) and Oswald efﬁciency
factor (e). The Oswald efﬁciency factor is a comparison of
the wing geometry to the geometry of an elliptical wing since
the elliptical is said to have the lowest drag. The normal range
for ‘e’ is between 0.85 and 0.95; for an elliptical wing ‘e’ can be
taken as one. Usually this factor is improved by adding taper
to the wing tips, but since here the wing has a rectangular
shape in order to provide the maximum area for solar panels,
it is farthest away from the elliptical conﬁguration. Thus a va-
lue of 0.85 will be employed in these calculations. Therefore,
the drag coefﬁcient can be estimated using:
CD ¼ cd þ C
2
L
peAR
ð15Þ
The proﬁle drag (cd) is a combination of the skin friction drag
and pressure drag. The propulsion system needs to provide a
thrust force to overcome the drag force, while the lift force
should be equal to the total weight of the aircraft during the
steady cruise ﬂight. Therefore, the propulsive power can be
evaluated as (Noth, 2008):
Power ¼ CD
C1:5L
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2AR
q
s
W1:5tot
b
ð16Þ
The total weight of the aircraft is not known at this point, thus,
an initial value will be assumed and will be veriﬁed later. The
angle of attack that provides a maximum lift-to-drag ratio will
be selected as the mounting angle of the wing. Now, with the
known propulsive power, the required power output from
the battery is estimated by dividing the propulsive power by
the efﬁciency of the propulsion and power system train till
the battery. Also, the required power to operate the payload
and avionics has to be added to this value.
The main objective of this paper is to estimate approximate
size and weight of the UAV, and to investigate the effects of
altitude and payload weight on the overall weight and size of
the UAV. Thus, the overall efﬁciency is estimated using typical
values for the efﬁciency of the propeller, gear box, motor, and
the inverter. The detailed estimation of efﬁciency of each com-
ponent is out of the scope of this paper. This will be essential in
192 S. Jashnani et al.the detailed design phase of the UAV, while here, the prelimin-
ary design phase is emphasized.
Then the solar power will be the required power output
from the battery divided by the efﬁciencies of the battery, efﬁ-
ciency of the maximum power point tracker, and efﬁciency of
solar panel. An overall efﬁciency of about 12% is typical for
such system. From the known required solar power, the total
required solar energy over the day can be estimated. From
the known total required solar energy and the available solar
energy over the day per meter squared on the coldest day,
the actual required panel area can be estimated. This estimated
panel area is compared with the initial assumption to verify its
correctness. Iteration might be required to reach convergence.
3. Weight estimation
The solar panel should be able to provide the battery with en-
ough charge during the day for it to run the propeller through
the night. The number of hours available to charge the battery
will be maximum if the UAV takes-off at sunrise. This number
decreases as the takeoff time is delayed and thus more energy
has to be initially stored in the battery at the time of takeoff.
Storing more energy at the beginning will increase the maxi-
mum charging capacity of the battery, which in turn will in-
crease its weight. Therefore, sunrise is the recommended
takeoff time. The continuous power required by the propulsion
system plus that required to operate the payload and avionics
will be the output power from the battery. This value will be
initially stored in the battery before takeoff plus some extra
power as safety limit such that the battery is not to be drained
completely at any point of time during the operation.
The energy-time management of the battery is simulated by
estimating energy in and out of the battery at each hour, start-
ing at takeoff condition. Thus, the initially stored energy is
added to the collected energy at the ﬁrst hour of ﬂight. Then,
the energy required, for the propeller and accessories, is sub-
tracted to give the remaining stored energy in the battery at
the ﬁrst hour of ﬂight. Similarly, at the next hours, the avail-
able energy in the battery is estimated. Fig. 1 shows the time
variation of power stored in the battery along with the power
gained from the solar panel. This ﬁgure is plotted assuming an
altitude of 2.5 km, and payload mass of 5 kg. It is obvious
from this ﬁgure that the system can run on a complete cycle.0
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Figure 1 Power time-management of the battery.This cycle starts at sunrise hour, with a certain amount of
power stored in the battery, and ends at sunrise hour of the
next day having the same amount of power stored in the bat-
tery. Therefore, the power system can self-sustain the opera-
tion of the aircraft for a long period until maintenance is
required.
Also, it is clear fromFig. 1 that themaximumpower stored in
the battery for this case is about 2 kW. As this paper emphasizes
the preliminary design of the UAV, a typical value for speciﬁc
energy in (Wh/kg) will be employed without going into details
about the type and different characteristics of the battery. The
speciﬁc energy of batteries employed in solar aircrafts can reach
350Wh/kg such as that used in reference (Hajinmaleki, 2011).
Using a more conservative value of 300 Wh/kg along with the
maximum expected stored energy, the weight of the battery
can be estimated approximately.
Due to the sheer number of solar powered aircrafts opera-
tional today and the peculiarities involved in the structure of
such an aircraft; a uniﬁed weight estimation model is hard to
ﬁnd. However, a statistical model has been formulated using
data obtained from a large number of solar powered UAV
(Noth, 2008):
Waf ¼ 0:44 S1:55AR1:3 ð17Þ
The density of Silicon is 0.365 1Kg/m2, and hence, the weight
of solar panels can be estimated from the known area. A 20%
weight is added to account for coating and accessories
(Messenger and Ventre, 2005). The propulsion group is com-
posed of control electronics, motor, gearbox and propeller.
A model was introduced in reference (Noth, 2008) to estimate
the weight of the propulsion group based on curve ﬁtting of
data from existing commercial components:
Wpg ¼ 78:48  F  u ð18Þ
The total weight is the sum of all weights of the UAV’s subsys-
tems plus the payload weight. The total weight should be equal
to or less than the generated lift that was estimated before. If
the weight is greater than the generated lift, iteration will be re-
quired. Following the above procedures, the weight and size of
the aircraft can be estimated. Also, the required thrust to be
generated by the propeller can be obtained. A ﬂowchart show-
ing the above procedure is shown in Fig. 2.
4. Results and discussions
For a given altitude and payload mass, the required solar panel
area, wing aspect ratio, and total mass of the aircraft can be
estimated using the above procedure. Fig. 3 shows the required
solar panel area at sea level, 5 km and 8 km for different pay-
load masses. At sea level and due to the cloud effects, the avail-
able solar irradiance is small. Therefore, the required solar
panel area at sea level is greater than that at 5 km. This is be-
cause for altitudes above 2.5 km, the effect of cloud is negligi-
ble. However, as the altitude increases, the air density and
pressure decrease. This requires more area to generate enough
lift to sustain the weight of the aircraft. This causes the panel
area to increase with altitude as well as with the payload mass.
Also, it is noted from Fig. 3 that at sea level, the solar panel
area increases exponentially for payloads more than 4 kg.
Fig. 4 presents the estimated wing aspect ratio at different
altitudes and payload masses. It is clear from this Fig. that
Figure 2 Flowchart for calculation procedure.
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Figure 3 Required solar panel area at different altitudes and
payload masses.
0
2
4
6
8
10
12
14
16
18
0 2 4 6 8 10
W
in
g 
As
pe
ct
 R
at
io
Payload Mass [kg]
Altitude  = 8 km
Altitude  = 5 km
Sea Level
Figure 4 Wing aspect ratio at different altitudes and payload
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Figure 5 Aircraft total mass at different altitudes and payload
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Figure 6 Propeller thrust at different altitudes and payload
masses.
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Figure 7 Cruise speed at different altitudes and payload masses.
194 S. Jashnani et al.the aspect ratio at sea level for payload mass above 4 kg in-
creases exponentially. This is a direct result of the increased
solar panel area as ﬁxed chord is employed. A similar conclu-
sion can be obtained from Fig. 5, which shows the estimated
aircraft total mass at different altitudes and payload masses.
However, the total mass at sea level and using small payloadis less than that at higher altitudes up till payload mass of
about 3 kg. After this value, the total aircraft mass at sea level
is greater than that at high altitudes for any payload mass. The
most important challenge faced while increasing the payload
or altitude is the total weight penalty. This increase in weight
occurs as a result of the increase in solar panel area, which di-
rectly affects the airframe weight, and battery size.
For completeness of results, the required cruise thrust, the
cruise speed, and the maximum charging in the battery are
plotted in Figs. 6–8 respectively. The thrust and the cruise
speed will be required to design the propeller, while the maxi-
mum charging of the battery will be required to select and size
the battery for the mission. It should be noted that the takeoff
thrust is nearly double the cruise thrust, which is shown in
Fig. 6. Also, it is obvious from Fig. 7 that the cruise speed does
not change much with payload mass; however, it is a strong
function of the altitude.
In remote sensing applications, the objective of the mission
deﬁnes the type of the sensor or camera to be used. For a
selected sensor or camera, the optimum altitude would be de-
ﬁned by the manufacturer. A suitable altitude can be chosen to
optimize resolution and coverage area. Commercially available
aircraft for such applications can reach an altitude of 15 km.
The design of the solar powered UAV would be such that it
satisﬁes the altitude and speed requirement and can generate
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Figure 8 Maximum battery charging at different altitudes and
payload masses.
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Figure 12 Contours of constant cruise thrust.
Sizing and preliminary hardware testing of solar powered UAV 195enough lift force at the given altitude and speed. Design charts
have been generated to help the designer to get a preliminary
estimation of aircraft total mass, solar panel area, wing aspect
ratio, cruise thrust and speed, and maximum battery charging
for any combination of payload mass and working altitude.
Altitudes below 2.5 km have been ignored in this investigation
as it is uncommon to have civil remote sensing mission at such
low altitude.Contours of constant solar panel area, aspect ratio, and to-
tal aircraft mass are shown in Figs. 9–11 respectively. Each
plot is given for a range of payload masses and altitudes. These
plots would allow the designer to consider the right structure
design for the aircraft wing from the wing area and wing aspect
ratio. The solar panel area is simply 81% of the wing area.
Also, the aspect ratio indicates the expected level of challenge
in the structure material and design.
Also, contours of constant cruise thrust and speed are plot-
ted in Figs. 12 and 13 respectively. The aerodynamic design of
the propeller depends mainly on these two parameters besides
the altitude. Moreover, the optimum RPM required to pro-
duce this thrust at this air speed along with the level of power
would determine the motor characteristics. Finally, contours
of constant maximum charging in the battery are plotted in
Fig. 14. This parameter deﬁnes to a great extent the type
and size of the suitable battery.
5. Hardware testing
A road control mission was considered, for which a recom-
mended altitude of 5 km and payload mass of about 3 kg
are desired. This requires a cruise thrust of about 5.5 N,
and cruise velocity of about 16 m/s. A propeller was de-
signed for this mission and the optimum RPM-diameter
set was identiﬁed (Jashnani et al., 2012). However, it should
be noted that these values are applicable at cruise ﬂight
02
4
6
8
10
12
0 2 4 6 8 10
Al
tit
ud
e 
[k
m
]
Payload Mass [kg]
Cruise speed
14m/s
16m/s
18m/s
20m/s
22m/s
Figure 13 Contours of constant cruise speed.
0
2
4
6
8
10
12
0 2 4 6 8 10
Al
tit
ud
e 
[k
m
]
Payload Mass [kg]
Charge
1.5kW
2kW
2.5kW 3kW 3.5kW 4.0kW
Figure 14 Contours of constant maximum battery charging.
196 S. Jashnani et al.conditions, while at takeoff conditions, the thrust would be
approximately double the above value. Therefore, propeller
is required to generate about 11 N thrust in ground station-
ary testing over a period of 24 h. Many tests were performed
and the following discussion is given to summarize the re-
sults and lessons learnt.Figure 15 Schematic drawings oBlade soiling refers to the accumulation of dust particles
and other tinier forms of residue onto blades. Soiling is effec-
tively seen on the leading edge of blades. It increases the sur-
face roughness of blades, especially the leading edge, hence
altering its aerodynamic shape and characteristics. It causes
reduction in lift and increase in drag due to premature ﬂow
separation. This premature ﬂow separation occurs due to high
irregularity at the leading edge of the blade. Soiling is a major
problem faced by large blades of wind turbines. Even for rela-
tively larger propellers after long operating hours, soiling in
extensive amounts is observed. Since the ﬁrst two runs were
conducted in a closed environment, there was no blade soiling
problem observed. However, the last trial was piloted in an
open environment where the propeller was exposed to all sorts
of dirt and extreme humid conditions that a UAV is subjected
to in low altitude ﬂights. At the end, when the system stopped,
the buildup of dust on the leading edge of the blades was
clearly visible.
The solar powered propulsion system, capable of achieving
24 h of continuous ﬂight, requires testing for durability and
sustainability. After reviewing many techniques, it was decided
to employee a simple however reliable method such that de-
scribed in Ash et al., 1903. The thrust stand is designed and
manufactured with the necessary components; namely the mo-
tor, S-type load cell and the propeller in the assembly as shown
in Fig. 15. The known dead weight method was employed to
calibrate the system before use. The pulley, wire, and dead
weight shown in the Fig. 16 would be removed during the
operation.
A lot of designs were evaluated and the chosen design also
evolved during the fabrication stage. The ﬁrst prototype made
was rejected due to several discrepancies primarily caused by
friction. It was proposed that the rollers, like those at the bot-
tom of the pedestal could be attached at the sides and the L
section’s height be elongated. Also, it is a better concept to
incorporate a calibration apparatus in this stand permanently.
These modiﬁcations and designs were then fabricated into the
stand in the ﬁnal stage.
The motor is rested on a table support where a gear system
with the ratio of 15:16 is used. This is done to displace the loca-
tion of the shaft and propeller for easy accommodation of the
strain gauge and, hence, the thrust readings to be taken easily.f the thrust stand (3D CAD).
Figure 16 Thrust stand layout (in calibration conﬁguration).
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Figure 17 Battery charging throughout the day.
Sizing and preliminary hardware testing of solar powered UAV 197As the motor’s shaft rotates, the rotation is transferred to the
main shaft, which makes the propeller rotate. The RPM is
measured with the help of a digital tachometer. As the propel-
ler rotates, it generates thrust. This thrust force makes the ped-
estal to move forward and the corresponding thrust is
measured by the strain gauge. Due to the assembly of the
strain gauge, the pedestal resists this movement. This resistive
force is a tension force that is exerted on the strain gauge,
which is the effective thrust acting on the pedestal system. This
pedestal system connected to the strain gauge has some losses,
which can be accounted for by calibrating the entire system be-
fore initiating testing.
It is a common misconception that the solar panels run the
load directly when the battery is completely charged. At no
time is the load run by the solar panels. The solar panels are
used solely for the purpose of charging the battery, while the
battery runs the load. The size of the battery is set such that
the battery is completely charged when the sun goes down
and is able to run the load for the entire night.
The solar panels charge the battery at their maximum
capacity for a given hour of the day using a Maximum Power
Point Tracker (MPPT). The test started at 10 AM during the
month of June 2012. As shown in Fig. 17, the battery charging
exponentially increases after 10:30 AM and becomes zero at
6:30 PM. Once the charging from the panels is over, the bat-
tery output is a constant power. This discharge from the bat-
tery was recorded as a loss in the voltage across the battery.
During the ﬁrst two test sessions, the drive train was not
equipped with an MPPT, simply due to its high cost and rare
availability. On the other hand, during the ﬁnal pilot, an
MPPT was incorporated into the system. The MPPT wasintegrated with the charge controller. This charge controller
stops the charging of the battery at a certain limit. It was
set at about 195 W, and this explains the saturation shown
in the battery charging at about 10:30 AM. It was expected
that the charging continues till a peak appears at some time
after 12:00 as given in Fig. 1. However, because the employed
battery size was big and the initial charging of the battery
was high, the system could sustain a continuous operation
for 24 h.
In any photo-voltaic (PV) system, the use of an MPPT al-
lows the series connection of solar panels. The series connec-
tion of solar panels produces a higher voltage. During the
ﬁnal test, which started at 10:00 AM, the reading on the charge
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Figure 18 Measure propeller RPM over 24 h of operation.
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Figure 19 Measure propeller thrust over 24 h of operation.
198 S. Jashnani et al.controller indicated a PV voltage of 42.6 V and a current of
4.6 amps. This will yield a power of 195.96 W. The MPPT re-
duces the PV Voltage to 12.3 V in order to charge the battery.
To maintain the same power going into the battery, the current
going into the battery increases to 15.8 A. Hence the battery
gets charged at a faster rate.
The measured propeller RPM and thrust are shown in
Figs. 18 and 19 respectively. The RPM and thrust are nearly
constant over the 24 h of continuous operation. This proves
that the propulsion and power system can provide the aircraft
with the required thrust during day and night operation. Most
of the lessons learnt were based on ﬁndings from practical
experiments. The experimental results veriﬁed a number of the-
oretical approximations and also highlighted a few theoretical
approximations that need to be altered. One of the most
important features of the solar panel is its efﬁciency. The panel
efﬁciency is not only dependent on the parameters that were
discussed such as temperature, direct irradiance, latitude and
time of day but also the instantaneous humidity in the atmo-
sphere at a given time in a certain place. For high humidity
percentages, the panel efﬁciency can drop down to as low as
13%. Besides this, dust settlement, unpredictable cloud shad-
ing and losses from the cables also contribute toward reducing
the efﬁciency.In conclusion it could be said that the hardware simulation
of a theoretically designed system includes several unforeseen
obstacles and challenges that have to be overcome. During
the building and testing of an engineering model that simulates
an actual component on the aircraft, the design parameters are
dynamically under revision in order to compensate for
different losses and limitations. Building such a system is an
immensely rewarding experience, one that deepens understand-
ing of major concepts, helps realize differences between
theoretical and physical systems and improves teamwork skills
immensely.
6. Conclusions
This paper presented the effect of changes in altitude and pay-
load on various parameters such as total weight, solar panel
area, aspect ratio of the wing, maximum battery charging
and required thrust. These parameters can affect both cost
and weight of the aircraft. To estimate available solar power,
two different models have been presented; one for low altitudes
below 2.5 km, and the other for high altitude. An engineering
ground model was built to simulate the operation of power
and propulsion system over 24 h of continuous operation.
The paper presented data from tests done as well as changes
that can be made to improve the design.
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